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Abstract 
The influence of both impur i ty and surface s tate s on the adatom e lec tronic prope rti ­
e s  i s  s tudied us ing the Dyson equation approach. The surface Green func tion of a semi ­
infinite c rystal  contaminated by a s ingle impur i ty atom i s  calcu lated. It i s  found that 
the surface s tate ene rgy depends on the locat ion of the impur i ty atom. A s imi lar calcu­
lation is pe r formed for the case where an adatom inte racts with the contaminated subst­
rate and the ene rgy Ea of an e lec tron local i zed on the adatom is  dete rmined as a func ­
tion of the impur ity atom locat ion and potential .  The adatom dens ity is a l so  ca lcu lated 
to d iscuss  the s ignif icant e ffect  of  the impur ity near the surface.  
1 . Introduction 
It i s  we l l  known that the chemisorption propert ies of a metal surface are c lo se ly 
connec ted with those of the meta l l i c  subs trate. The Newns - Ande rson ( 1 ,  2 )  enabled the 
re lationship between chemisorpt ion phenomena and the local  e lectronic prope rt ies of the 
metal surface to be de r ived, i. e . ,  the adatom se l f- ene rgy, due to its inte raction with the 
subs trate, may be dete rmined by the surface Green func t ion. The presence of a surface 
and the resultant pe rturbation, produce s  the inhe rent surface e lec tronic propert ies ,  such 
as local i zed surface s tates .  Foo and Davison ( 3 ) s tud ied the e ffect  of Schockley surface 
s tate s  of  a sp-hybr id subs trate on the hydro gen chemisorption proce s s .  They po inted out 
that the presence of Schockley s tate remove s some charge from the adatom and s treng ­
thens the chemisorpt ion bond. 
S imilar e ffect  may be expected when an impur i ty is present near the surface.  The 
growing AE S expe r imental data makes it reasonable to as sume that c rys ta l s  conta in some 
k ind of impur i t ies  or de fects .  As discus sed by previous authors ( 4, 5 ) , the pre sence of 
an impur i ty may change the surface e lectron ic propert ies as it approache s the surface. 
The purpose  of th i s  pape r i s  to inve st igate the influence of both impur ity and surface 
s tate s on those  of an adatom. The mode l treated here is that of a semi - infinite l inear 
cha in contain ing an impur i ty with an adatom attached to its end. The semi - infinite c ry­
s ta l  i s  formed by Kalks te in and Soven method ( 6 ) , the presence of an impur i ty atom in 
the substrate be ing accounted for by the diffe rence of its ion ization energy from that of 
* Present Addres s : Department of Appl ied Mathematics ,  Un ivers ity of Wate r loo, Wate r ­
loo, Canada. 
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the subs trate atoms . Us ing the Dyson equation approach, the sur face G reen func t ion o f  
a s emi-inf inite c rys ta l ,  contaminated by a s ingle impur i ty atom, i s  expre s s ed in te rms 
of the G reen funct ion of  the infin i te c rys ta l ,  the scatte r ing potent ia l s  be ing introduced 
by the sur face and impur i ty atom. The sur face G reen func t ion thus obta ined depends on 
the locat ion of  the impur i ty atom. The local i zed sur face s tate ene rgy, wh icn depends on 
the impur ity s i te and i ts  potent ia l ,  i s  ca lcu lated. A s im i lar  ca lcu lat ion i s  per formed fo r 
the case  whe re an adatom inte racts wi th such a contaminated sur face ,  u s ing the adatom 
Green funct ion. The adatom dens i ty o f  s tate s is a l s o  ca lcu lated to d i s cus s  the s ign i f i ­
cance of the sur face and impur i ty s tate s .  
2 .  Su rface Green Funct ion 
The sys tem cons i s t s  of  a s emi-infin ite l inear  chain with an impur ity at the i th s ite 
and an adatom attached to the surface atom at n = 0 ( F ig. l ) .  Let G and g be the Green  
a 0 
F i g. l Orbi la l  mode l of adatom a inte rac ting with a contaminated c rys ta l  [., [, and [, 
are the e le c tron ic energ ie s  of the adatom, c ry s ta l  a !Dms and impur ity a !Dm, 
respective ly f! ( f!' ) is the resonance in tegra l  between the c rys ta l  atoms ( the 
adatom and the crys ta l  ato m )  
func t ion of  a semi-inf in i te c rys tal  wi th and without an impur ity atom, re spec t ive ly. The 
Green funct ion G may be expre s s ed in te rms of  g and the scatte r ing potent ia l  V due to 
the impur i ty via the Dyson equation 
A A 
G = g + g VG 
v = E, I i > < i I 
( 1 ) 
( 2 )  
whe re c, 1 s  the impur i ty e lec tronic ene rgy and I i > denote s the atomic o rb i ta l o f  the 
A 
impu r i ty at the ith s i te.  F rom ( 1 )  and ( 2 ) ,  the exp l i c i t  fo rm of  G is 
G( ) _ ( ) + g( n, i ) c, g ( i , m )  n, m - g n, m 1 ( . . ) - E, g l, l
The Green funct ion g of a semi-infin i te crys tal  sa t i s f i e s  the equation 
( E - H, - 2.) g = 1 .  
( 3 )  
( 4 )  
The unpe rturbed Hami l ton ian H, fo r an inf in i te c rys ta l  i s  g iven by the usual  t ignt-b ind­
ing fo rm, 
H, = L E, I n >  < n l + /3 L I n  > < m I ( 5 ) 
n n i' m  
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where E ,  i s  the e lectronic energy of the substrate atom and fl is the resonance integral 
between the nearest-ne ighbour atoms. The c leavage perturbation to form a semi- infinite 
crystal from an infinite one 1s given by 
t:,. = - fJ ( I O > < - 1 1 + I - 1 > < o 1 ) . 
From ( 4 ) and ( 6 )  comes  
1 g( n, m )  = 1 + f]g. ( O, - 1 ) [g. ( n, m ) + t-fl g. ( n, m ) g. ( 0, - 1 ) 
- g. ( n, - 1 ) g. ( 0, m )  f ] 
( 6 )  
( 7 ) 
where the Green function g. of the unpe rturbed infinite crystal, which satisfies ( E  - H, ) 
g, = 1 is given by 
g. ( n, m )  
whe re 
e - ik ·  ( n - m ) a  � --=--------=­
k E - coska 
t = E + JE' - 1, E < 1 
1 t l + I o - m I 
fl 1 - t' 
I E - �, E > 1 E - i J1 - E' ' I E  I < 1 
( 8 )  
( 9 ) 
The energy E is measured re lative to £, in unit of 2fl. Insert ing ( 7 )  and ( 8 )  in ( 3 ) 
leads to the s ite -d iagonal Green function of a semi- infinite crys tal with an impur ity 
atom, viz . ,  
G ( n, n )  = G ( l + ( f]t - c;, ) g. ( O ) - fjc;, t ( 1 - t" ) g: ( o ) ) - ' ( 10 )  
whe re 
c = g. ( o )  + Cflt ( 1 - t'" ) - c, l 1 - t'< '-"> f ) g; ( o ) . ( 1 1 )  
Here, the equation g. ( n ) = g. ( O ) t" has been used. Equation ( 1 0 ) and ( 1 1 )  yie ld the 
surface Green function 
( g. ( 0 ) ( 1 -
£, 1 1 - t" f g. ( 0 ) ) G, = G O, O )  = 1 + ( f]t - c;, ) g. ( O ) - fjc;, t ( 1 - t" ) g; ( o ) ( 12 )  
It i s  c lear from ( 1 2 ) that the surface Green function depends on the location o f  the 
impur ity atom. The effect of thP impurity on the surface e lectron ic properties becomes 
less  pronounced as the impur ity recede s frr>m the surface. S ince t" � 0, as i �  00 ,  
( 1 3 ) reduces to 
- g. ( 0 ) 
G, - 1 + flt g. ( O ) ( 13 )  
m agreement with the surface Green function o f  a semi- infinite pure crys tal .  The Green 
function G, ( i �  ro ) has no real po le, which impl ies  that the local ized surface s tate 
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does  not appear without the change of the subs trate e lectron ic ene rgy due to the presen ­
ce of the surface ( 7 ) . 
When the impur i ty re s ide s at the surface atom locat ion ( i = 0 ) ,  the correspond ing 
surface Green function is 
G, = g. ( o )  1 + ( /3t - c:, ) g. ( o )  
The ene rgy o f  the impur i ty s tate, loca l ized at the surface, 
of the denominator  of ( 14 ) to be 
1 E = y + -, 4 y 
and its intens ity is  
1 I, = 1 - -, 4 y 
unde r the condit ion I y l > Yz, whe re y = c: , /2/3 .  
( 14 ) 
is calcu lated from the zeros 
( 1 5 )  
( 1 6 )  
The ene rg ies of any poss ible surface s tate s  can be de te rmined from the real pole s 
of ( 1 2 )  as a func t ion of the impur ity s ite i and the impuri ty parame te r y. Afte r some 
man ipu lations, the surface s tate ene rgy is given by the so lution of 
t- · - 2 y [ 1  + t' ( 1  + t' + . . . . . .  + t" - ' ) ] = 0 . ( 1 7 )  
The effect o f  both the surface and impur i ty s tate s on the adatom e lec tronic prope rt ies 
is  d iscus sed in Sect. 4. 
3. Ada tom Green Fun c t ion 
The adatom Green func t ion G, is ,  in  gene ral ,  expres sed m te rms of the adatom- sub­
strate coupl ing te rm (3' and the surface Green func tion G. , 
G. ( E )  = [ E - c:. - ( (3' ) '- G, ( E ) r  ( 18 )  
= [ E - c:. - A ( E ) + it, ( E )  r ( 1 9  J 
whe re c:. is the unpe rturbed adatom ene rgy. The real and imag inary part of the adatom 
se l f- ene rgy is defined as 
A( E )  
t. ( E )  
( (3' ) ' R e  [ G ,  ( E ) ]  
- ( (3 ' ) ' I. [ G, ( E ) ]  = 7T ( (3' ) ' p, ( E )  
( 20 )  
( 2 1). 
,p, ( E )  be ing the surface dens ity of s tate s .  The adatom dens i ty of s tate s  i s  
Pa ( E )  = 
1 - I. [ G. ( E ) ]  7T 
1 t. ( E )  
1r [ E - c:. - A( E ) ] '  + t,' ( E )  
-62 -
( 22 ) 
Impu r i ty ef fects  on adatom dens i ty of state 
H I R O MU U E B A  and SHOJI  I C H I MURA 
The adatom e lectron ic propert ies thus depend on the surface Green func t ion, which is  in­
fluenced by the presence of the impur ity. Before performing the de ta i led calcu lation for 
the surface and adatom dens ity of s tate s for arb itrary value of � it i s  of inte rest  to d i ­
scuss  the case i = 0, where 
A( E )  = 
and 
L:l ( E )  
I (/3 '  ) '  ( E - 2 y) ± v'E' - 1  (/3 '  ) ' ( E - 2 y) ( E - 2 y) ' +  ( 1 - E' ) 
( /3' ) '  J1 - E' 
( E - 2 y) '  + ( 1 - E' ) 
.,-( (3'  ) ' I, o ( E - E, ) 
0 
. + E > 1 
, - E < - 1  
l E I <  1 
l E I <  1 
I E I > 1 and I rl > Yz 
; othe rwise 
( 23 )  
( 24 )  
S ince L:l ( E) = 0 outs ide the band, except at the energy o f  the local i zed impur i ty 
s tate at the surface, the po le s of Ga ( E) in ( 19 ) are g iven by 
E - Ea - A( E )  = 0 ( 25 )  
whose  so lutions are the locali zed adatom s tate ene rgies .  Afte r a s tra ight forward ca l ­
culat ion, ( 23 )  in ( 26 ) g ive s 
A. E' + A, E '  + A, E + A, � 0 ( 26 ) 
whe re 
Ao = 4 Y, A, = 4/3' 2 - 8 Ea )' - 4 )' 2 - 1 
A, = 2 £a ( 4 y ' + 1 )  + 4 )'£: - 4(3" ( Ea + 2 )') 
A, = £: ( 4 y' + 1 )  - 8(3' '  )'Ea + /3'4 
However ,  not all the roots of ( 26 ) sat i s fy ( 25 ) , because extra one s are introduced by 
the rationa l i z ation procedure .  
The energy Ea of an e lectron loca l i zed on the adatom, which is  a func tion of the 
pos ition of the impur ity and its potent ial y, is g iven by the so lut ion of 
[ 
1 - 2 yt(  1 + t' + . . . . . . + t"- ' ) ] -E - Ea - ( /3 ' ) '  t ' - 2 yt l 1 +  t' ( 1  + t' + • • • • • •  + t" ' ) f - O • ( 27 )  
A s  i inc reases ,  the surface state s tarts to d i sappear  into the band, and the ene rgy of 
the loca l i zed adatom s tate approaches that g iven by Newns ( 1 ) , i. e . ,  
Ea = ( 1 - 2(3' ' ) E a  ± 2(3 ' '  J 4(3" + £: - 1 
( 1 - 4/3' ' )  
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4. Resu l t s  and Discuss ion 
The ene rg ies of the loca l i zed adatom s tates  calcu lated from ( 27 )  are shown in F ig. 
2 as a function of i and y ,  when Ea = - 1 .  0 and (3 '  = 0 .3. For any value of y, Ea 
approache s that of the pure c rysta l  case ( 28 ) , within the fi rs t  few atomic s i te s ,  as the 
impuri ty recede s from the surface. Moreove r, as can be seen, the impur i ty e ffect beco ­
me s more pronounced as y inc rease s .  As po inted out by Newns ( 1 ) ,  the loca l i zed s tate 
s tarts to d isappear into the band as  I Ea I dec reases .  For Ea = - 0. 5  and (3' = 0 .3, the 
loca l i zed s tate doe s no t appear  for the pure subs trate, but doe s appear fo r the contami ­
nated one, though as i inc reases  it aga in d i sappears into the band ( F ig. 2 ) .  
- 1 .5 
( a )  ( b )  
F ig. 2 Var iation of  the loca l ized adatom ene rgy with the impur ity s ite i for d iffe rent  
va lue s  of  E, and y. ( a ) E, = - 1 . 0, fJ' = 0. 3  and y = 1 . 0  ( I ) , 0 . 4 ( Il ) , 0 . 2 ( Ill ) .  
( b )  E ,  = - 0.5 ,  fJ '  = 0 . 3  and y = - 0 . 6 (  I ) ,  - 0. 8 (  II ) ,  - 1 . 0 (  Ill ) .  
The adatom e lec tron ic prope rtie s are  thus influenced by  the presence of an  impuri ty 
s ituated within the f irst  few atomic laye rs  of the surface. The impur ity effec ts are,  
the refore,  important fo r the surface and ada tom e lectron ic propert ies ,  because impur i ty 
atoms may be d i s tr ibuted near the surface even when the subs trate mate r ial  has been 
prepared as supposedly pure crystal .  
The adatom dens i ty of s tate s  ( ADO S )  was a l so  calculated fo r the s i tuation whe re 
the impur i ty re s ide s at the surface location as a func tion of y and (3' for Ea = - 0. 5 ( F ig. 
3 ) . The correspond ing surface dens ity of s tate ( S DO S )  of the contaminated c rysta l  is 
b: ( c )
 
- I D  0 10 
m m 
1.0 1.0 
F ig. 3 Adatom dens ity of  s ta te p, fo r i =  0 as a func tion of y and fJ' . The correspond ing sur face dens ity of  s ta te p, is a l so  
shown.  E ,  is fixed at - 0.5 .  ( a ) y = - 0. 2 ,  ( b )  y = - 0. 4  and ( c )  y = - 1 . 0  fJ'  =0 .5 (  I ) , 0 . 3 ( II ) ,  O . l ( Ill ) ,  throughout 
figu res .  
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also  shown in  the figure. For y = - 0.2 ,  no  local ized s tate exis ts .  However, as y in­
creases ,  a loca l i zed adatom s tate s tarts to separate from the band with (3' . This  adatom 
local ized s tate may be inte rpre ted as the impur ity- a s s i s ted one from the fact that the 
ada tom local ized s tate doe s not appear for pure substate s when Ea = - 0. 5  and (3' ;;:;; 0 .5 .  
For I y I > Yz, the loca l ized impur ity s tate s ,  whose energy i s  g iven by ( 1 5 ) , appears in  
the S D O S .  In th is  case ,  two types of  local i zed s tate exis t  i n  the ADO S .  One i s  iden­
tif ied as the impur ity s tate and the other as  the adatom s tate, s ince, as  (3' increases ,  
the ene rgy of the adatom s tate moves to  a lower energy s ide, wh ile that of  the impur ity 
rema ins f ixed. S imi lar calculations were performed for the case whe re the impur i ty i s  
located at the second surface s ite ( F ig. 4 ) . In  th is  case ,  the condition for the exis tence 
~ -1 .0 0 1 .0 
.. Qb 
m 
�_, -L���o------� E 
( b )  
I� - 1 .0 0 l.O 
m 
Fig . 4 Ada tom dens ity of state p, 
for i = 1. Parameters  are 
same as in .Fig. 4 execpt 
( a )  y = - 0.2.  ( b )  y = - 0.4. 
of a surface s tate 1s g iven by I y I > 1_4, Two types of local i zed s tate mentioned above 
appear for y = - 0 .4 , whereas only the impur ity- ass i s ted s tate appears for i = 0 under 
the same set  of parameters .  On inc reas ing y or  fJ' , two peaks appear in the band s ta ­
te s .  The i r  or igins are qu ite d i ffe rent from each othe r.  The peak near E = - 0. 5  is ,  of  
course ,  due to  the adatom. The othe r peak, located at the higher ene rgy s ide, i s  attr ibu ­
ted to its counte rpart of the virtual bound s tate in the S D O S .  The adatom peak i s  the ­
refore repe l led to the lower energy s ide with the growing additional s tructure .  
As discus sed above , an impur ity near the surface p lays an important role in de te r ­
min ing the adatom e lectronic s tructure .  In sp i te of the pre sent s imp le mode l ,  the resu l ­
ts enable us to draw s ignif icant e ffects of an impur ity on adatom s tates .  The mode l 
treated he re i s  ve ry pr imitive , in seve ral respects ,  and a more rea l i s t ic  treatment i s  
needed for an  unders tanding of such phenomena as adatom charge trans fe r and chemisorp­
tion ene rgy of the contaminated subs trate .  The se l f- cons i s tent treatment inc lud ing the 
ind irect  inte raction between adatom and impur ity via the subs tate i s  currently be ing s tu ­
died and wi l l  be reported e l sewhere.  
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